In the mammalian genome, certain genomic loci/regions pose greater challenges to the DNA replication machinery (i.e., the replisome) than others. Such known genomic loci/regions include centromeres, common fragile sites, subtelomeres, and telomeres. However, the detailed mechanism of how mammalian cells cope with the replication stress at these loci/regions is largely unknown. Here we show that depletion of FANCM, or of one of its obligatory binding partners, FAAP24, MHF1, and MHF2, induces replication stress primarily at the telomeres of cells that use the alternative lengthening of telomeres (ALT) pathway as their telomere maintenance mechanism. Using the telomere-specific single-molecule analysis of replicated DNA technique, we found that depletion of FANCM dramatically reduces the replication efficiency at ALT telomeres. We further show that FANCM, BRCA1, and BLM are actively recruited to the ALT telomeres that are experiencing replication stress and that the recruitment of BRCA1 and BLM to these damaged telomeres is interdependent and is regulated by both ATR and Chk1. Mechanistically, we demonstrated that, in FANCM-depleted ALT cells, BRCA1 and BLM help to resolve the telomeric replication stress by stimulating DNA end resection and homologous recombination (HR). Consistent with their roles in resolving the replication stress induced by FANCM deficiency, simultaneous depletion of BLM and FANCM, or of BRCA1 and FANCM, leads to increased micronuclei formation and synthetic lethality in ALT cells. We propose that these synthetic lethal interactions can be explored for targeting the ALT cancers.
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FANCM | BRCA1 | BLM | replication stress | ALT telomeres F aithfully replicating its genome is vital for the fitness and health of a mammalian cell. The replisome frequently encounters a variety of impediments throughout the genome. The temporary/transient slowing or stalling of the replication fork is referred to as replication stress (1, 2) . The list of endogenous sources of replication stress is still growing. Nonetheless, the wellrecognized sources of replication stress include unrepaired DNA lesions, mis-incorporated ribonucleotides, unique DNA sequences that are prone to form secondary structures (e.g., G-quadruplex or G4), collision of the replication fork with the transcriptional machinery, an RNA-DNA hybrid (or R-loop) that is formed between a nascent RNA and the adjacent displaced single-stranded DNA (ssDNA), common fragile sites (CFS), and tightly packed genomic regions, such as heterochromatin (2) . Because of these constant challenges faced by the replisome, mammalian cells have developed elaborate and complex strategies to resolve the replication stress and ensure the successful completion of DNA replication (1) (2) (3) (4) .
One of the endogenous loci/regions that frequently pose challenges to the replisome is the telomere. Mammalian telomeres are tandem repetitive DNA sequences [the large majority as (TTAGGG) n ] located at the end of every linear chromosome. The addition of TTAGGG is catalyzed by an enzyme called telomerase, a large ribonucleoprotein complex with reverse transcriptase activity. The length of mammalian telomeres varies from 10 to 15 kb in humans and 25-50 kb in mice (5) . Because most somatic cells do not express telomerase, they experience progressive telomere shortening with each cell cycle, which eventually leads to cellular senescence and aging of the organism (6) . One of the hallmarks of cancers is their replicative immortality (7) . To achieve that, cancer cells have to overcome the telomere dysfunction-induced cell cycle arrest or cell death by adopting one of the two telomere maintenance mechanism (TMMs): (i) 85-90% of cancers reactivate the expression of telomerase (8) , and (ii) the remaining 10-15% of cancers use the HR-based ALT pathway (9, 10) .
The unique sequence and structure of mammalian telomeres render them especially challenging to the replisome. First, one of the strands of telomere is rich in guanines (thus called the G-rich strand) and is prone to the formation of G4s (11, 12) . Second, the subtelomeric/telomeric noncoding RNA, TERRA, was shown to form an R-loop (13, 14) . Third, we showed previously that DNA replication can be initiated from the telomeres; however, the majority of the DNA replication near the end of a mammalian chromosome is initiated from the subtelomeres (15) , suggesting that the subtelomeric/telomeric regions lack DNA replication origins. In addition, de Lange and colleagues observed that low dosage of aphidicolin, a DNA polymerase inhibitor, dramatically increases the incidence of fragile telomeres (16) . Together, these two features indicate that telomeres may be a special type of CFS. It is also known that ALT cells have more heterogeneous telomeres and that some of them can be quite long (17) . Therefore, ALT telomeres may be even more prone to express the fragility. Fourth, heterochromatins are enriched at the telomeric and subtelomeric regions of the genome (18) . Finally, to protect the end of linear chromosomes, there are a variety of high-order DNA-DNA and DNA-protein structures at the telomeres. For example, the telomeric G-strand overhang folds back, invades the internal double-stranded regions of telomere, and forms the telomeric loop (T-loop) as well as the displacement-loop (D-loop) (19, 20) . The T-loop and D-loop are further stabilized by the Shelterin complex and other proteins (21, 22) . These various high-order structures may also slow down the progression of the replisome.
Significance
Currently, chemotherapy is still the only treatment option for ALT cancers. ALT cells rely heavily on homologous recombination to maintain their telomere length and are more susceptible to replication stress. A better understanding of how ALT cells respond to replication stress at their telomeres will help to uncover novel therapeutic strategies to treat ALT cancers. Here we found that depletion of FANCM or its obligatory binding partners induces pronounced replication stress at ALT telomeres. We thus propose that FANCM-depleted ALT cells can be used as an endogenous replication stress model. Most importantly, we propose that the new synthetic lethal interactions discovered in our study can be explored for targeting ALT cancers.
Taken together, mammalian telomeres pose constant challenges to the replisome, and replication stress often takes place at the telomeres, especially in ALT cells (16, 23, 24) . Therefore, a robust replication stress response is vital for the successful replication of telomeres.
FANCM is an evolutionarily conserved ATP-dependent DNA helicase/translocase (25, 26) . It belongs to the Fanconi anemia (FA) family of genes, the most recognized function of which is to repair the interstrand cross-linking (ICL) lesions (27, 28) . FANCM and its three obligatory binding partners, FAAP24, MHF1, and MHF2, are part of the FA core complex, which catalyzes the monoubiquitination of FANCD2 and FANCI (ID2) (29) (30) (31) (32) (33) . In addition, FANCM can also promote checkpoint activation and replication traversal across the ICL lesion (34) (35) (36) (37) . Furthermore, FANCM also plays a critical role in replication stress response. For example, in cells treated with hydroxyurea (HU), FANCM binds the checkpoint protein HCLK2 and promotes the activation of ATR-mediated checkpoint response (34) . FANCM also helps to stabilize the stalled replication fork and promote replication fork restart (38) . Intriguingly, a study by Constantinou and colleagues suggests that, even in unperturbed human cells, FANCM can modulate the steady progression of replication elongation (39) . Consistent with its important functions in replication stress response, FANCM-deficient cells are also hypersensitive to a variety of replication stress inducers, including HU, aphidicolin, ultraviolet (UV), and camptothecin (39) (40) (41) .
Sporadic evidence suggests that there may be a connection between the FA pathway and telomere biology. Many FA patients manifest progressive telomere shortening (42) (43) (44) (45) (46) (47) (48) (49) (50) . Surprisingly, most FA knockout mice did not show pronounced telomeric defects (51) . This is likely due to the exceptional length of mouse telomeres, which are two to five times longer than those of humans. In support of this notion, under the high turnover condition, the hematopoietic cells from the FANCC-deficient mice experienced faster telomere attrition (52) . Furthermore, in the absence of telomerase, the bone marrow cells of the FANCC-deficient mouse showed a higher incidence of telomere sister-chromatid exchange (tSCE), an indicator of dysfunctional telomeres. In human keratinocytes, Duensing and colleagues showed that FANCD2 localizes to the HPV-16 E6-induced ALT-associated promyelocytic leukemia (PML) bodies (APBs) (53) . APBs are thought to be the sites where damaged ALT telomeres are clustered and repaired (10) . Another study by Andreassen and colleagues showed, that in a small population of ALT cells, FANCD2 can be found at the telomeres and APBs (54) . This APB localization is dependent on FANCA and FANCL, suggesting that the monoubiquitination of FANCD2 may be important for its telomere association. Furthermore, Andreassen and colleagues showed that depletion of FANCA or FANCD2 increases the frequency of telomere-free chromosome ends and decreases the tSCE, suggesting that the recruitment of monoubiquitinated FANCD2 to the ALT telomeres promotes HR. Although there is no report that human FANCM is involved in TMM, intriguingly its budding yeast homolog, Mph1, does localize to yeast telomeres and promotes telomere uncapping and premature senescence in the absence of telomerase (55, 56) .
It has been observed that acute depletion of FANCM in unperturbed human cancer cells causes increased formation of γ-H2AX foci, a commonly used marker for DNA damages (34) . Genetic deletion of FANCM in chicken DT40 cells also induces increased γ-H2AX foci (38) . However, the cause and the nature of the DNA damages in these FANCM-deficient cells are unknown. In the process of characterizing the nature and locations of these DNA damages, we found that depletion of FANCM or of one of its obligatory binding partners in ALT cells induces replication stress, which primarily occurs at telomeres. In support of the notion that the FANCM complex suppresses replication stress at ALT telomeres, using the telomere-specific single-molecule analysis of replicated DNA (SMARD) technique, we found that depletion of FANCM dramatically reduced the replication efficiency at ALT telomeres. We therefore propose that depletion of FANCM in ALT cells can be used as an endogenous replication stress model. Mechanistically, we found that, in this endogenous replication stress model, BLM and BRCA1, two of the most important HR proteins, are actively recruited to the replication stress sites and help to resolve the replication stress by stimulating DNA end resection and promoting HR. Finally, we found that codepletion of FANCM and BLM or of FANCM and BRCA1 dramatically increases the micronuclei formation and induces synthetic lethality in ALT cells.
Results
Depletion of FANCM Induces Replication Stress at ALT Telomeres.
Based on the potential roles of FANCM in DNA replication, we hypothesized that the DNA damages seen in FANCMdeficient cells are due to replication stress (34, 38) . Replication stress primarily activates the ATR-DNA-PKcs-Chk1 pathway whereas double-stranded DNA breaks (DSBs) mainly activate the ATM-Chk2 pathway (4, 57) . In response to replication stress, Serine-345 of Chk1 (Chk1-pS345) and Serine-33 of RPA32 (RPA32-pS33) are primarily phosphorylated by ATR (58-60), whereas Serine-4 and Serine-8 of RPA32 (RAP32-pS4S8) are primarily phosphorylated by DNA-PK (61). All three phosphorylation events are widely used as the surrogate markers of replication stress. To test our hypothesis, FANCM-depleted U2-OS cells were probed with antibodies that specifically recognize Chk1-pS345, RPA32-pS33, and RPA32-pS4S8. In Luciferase (Luc) siRNA transfected cells, very few cells showed positive Chk1-pS345 and RPA32-pS4S8 foci (<1%) (Fig. 1 A-D) . In stark contrast, depletion of FANCM with two different siRNAs induces bright and discreet Chk1-pS345 and RPA32-pS4S8 foci in ∼15% of the cells. Consistent with the increased RPA32-pS4S8 foci, depletion of FANCM also caused a dramatic increase of RPA32-pS33 and RPA32-pS4S8 by immunoblotting (Fig. S1A) . Collectively, these data suggest that the DNA damages induced in FANCM-deficient cells are due to DNA replication stress.
In addition to being the markers for checkpoint activation of the ATR-DNA-PKcs-Chk1 pathway, the increased level of RPA32-pS4S8 and RPA32-pS33 and their ability to form discrete foci by immunofluorescent staining also strongly correlates with the formation of ssDNA and the activation of DNA end resection (62) . Robust DNA end resection promotes the repair and restart of the stalled replication fork through the high-fidelity HR pathway (1, 63) . It is known that, in response to DSBs, CtIP and the MRN complex (Mre11-NBS1-Rad50) play a critical role in the DNA end resection step of HR (57) . To test if CtIP and the MRN complex are also important for the DNA end resection in FANCMdeficient cells, we codepleted CtIP and FANCM or Mre11 and FANCM. Intriguingly, only the depletion of CtIP significantly reduced the RPA32-pS4S8 foci formation (Fig. S1B) , suggesting that CtIP, but not the MRN complex, promotes the DNA end resection in FANCM deficiency-induced replication stress. One of the key factors of HR in response to the replication stress is BLM, a crucial DNA helicase functioning in multiple steps of HR (64, 65) . Next, we tested whether BLM is also recruited to these replication stress sites. When stained with an antibody recognizing BLM, 20-30% of FANCM-depleted cells showed strong BLM foci ( Fig. 1 E and F) . Most importantly, the BLM foci colocalize well with both γ-H2AX and Chk1-pS345 foci, suggesting that BLM is also actively recruited to these replication stress sites ( Fig. 1E and Fig. S1C ). During the immunofluorescent foci (IF) analysis, we noted that the nuclear Chk1-pS345, RPA32-pS4S8, and BLM foci are quite large and intense, which reminded us of the pattern of PML bodies. Indeed, when costained with a PML antibody, the Chk1-pS345 foci seen in FANCM-depleted cells colocalize with the PML bodies (Fig. S1D ). U2-OS is a commonly used ALT cell model (66) . ALT cells are known to form a unique nuclear punctate structure, called the APBs (67) . APBs are a subtype of the PML bodies, where the damaged ALT telomeres are clustered and repaired (10) . The nice colocalization of Chk1-pS345, RPA32-pS4S8, and BLM foci with PML suggests that depletion of FANCM in ALT cells induces replication stress likely at the telomeres. To test this hypothesis, we probed the FANCMdepleted cells with three different telomere markers, TelC [a telomere-specific peptide nuclei acid (PNA) probe], and TRF1 and TRF2, two key components of the Shelterin complex (68) . As seen in Fig. 2 , the Chk1-pS345 and BLM foci colocalize with all three telomere markers, indicating that the replication stress indeed occurs primarily at the ALT telomeres. In addition, these data also suggest that the replication stress seen in FANCM-depleted cells is less likely due to the loss of TRF1 and TRF2 at the telomeres, which are known to cause DNA damages at telomeres (16) . We also noted that the telomeric foci that are colocalized with the Chk1-pS345, RPA32-pS4pS8, and BLM foci tend to be bigger and brighter than normal telomere staining, suggesting that these foci are likely the clustered telomeres that are experiencing replication stress. Similar results are also observed in two other ALT cells, Soas-2 and HuO9, but not in two telomerase-positive cells (TEL+), HeLa and MG63 (Fig. S2 ). Taken together, our data strongly suggest that FANCM functions to suppress the replication stress at the ALT telomeres. Consistent with this notion, FANCM itself and one of its associated proteins, FAAP24, can be found at the telomeres by immunofluorescent staining in a small population of unperturbed U2-OS, Saos-2, and HuO9 cells (Fig. S3) , the telomeres of which are presumably experiencing endogenous replication stress.
Depletion of the Three Obligatory Binding Partners of FANCM also Induces
Replication Stress at ALT Telomeres. As mentioned earlier, various functions of FANCM also require its three obligatory binding partners, FAAP24, MHF1, and MHF2. FAAP24 binds the C terminus of FANCM and functions as part of the FA core complex to promote the monoubiquitination of ID2 (31). MHF1 and MHF2 are two histone-fold proteins that form a stable and stoichiometric heterodimer (MHF1/2). MHF1/2 binds the N terminus of FANCM and also functions as part of the FA core complex to promote the monoubiquitination of ID2 (32, 33 ). Next, we tested whether FAAP24 and MHF1/2 have similar functions as FANCM at ALT telomeres. Depletion of FAAP24 using two different siRNA induces a dramatic increase of Chk1-pS345 and BLM foci, both of which colocalize with ALT telomeres (Fig. S4) . Similarly, depletion of MHF1 or MHF2 individually, or in combination also causes a dramatic increase of Chk1-pS345 and BLM foci, both of which colocalize nicely with ALT telomeres as well (Fig. S5) . Intriguingly, in comparison with the depletion of FANCM or FAAP24, depletion of MHF1/2 induces fewer Chk1-pS345, RPA32-pS4S8, or BLM foci (Fig. S6 ), suggesting that FAAP24 and FANCM play a more important role in suppressing the replication stress at ALT telomeres than MHF1/2. Codepletion of FAAP24 and MHF1/2, or FAAP24 and FANCM, or FANCM and MHF1/2, or all four proteins induces a moderate increase of the Chk1-pS345 and (Fig. S6) , suggesting that there is a mild additive effect of the components of the FANCM-FAAP24-MHF1/2 complex in checkpoint activation and DNA end resection. Collectively, our data firmly established that depletion of one or more components of the FANCM-FAAP24-MHF1/2 complex induces pronounced replication stress primarily at ALT telomeres.
RPA32-pS4S8 foci
To test whether other FA proteins have a similar function at ALT telomeres as FANCM, we depleted two other FA core components, FANCB and FANCG, as well as FANCI and analyzed the foci formation of Chk1-pS345 and BLM (Fig. S7) . Depletion of FANCI does not induce foci formation of Chk1-pS345 or BLM at ALT telomeres, suggesting that FANCI is likely not involved in suppressing the replication stress at ALT telomeres. Interestingly, depletion of FANCB or FANCG induced a moderate increase of Chk1-pS345 foci but much less than the depletion of FANCM, suggesting that FANCM plays a more important role in suppressing the checkpoint activation at ALT telomeres than other FA proteins. Surprisingly, depletion of FANCB or FANCG induced as much BLM foci as the depletion of FANCM, suggesting that the entire FA core complex may play an active role in regulating the recruitment of BLM to ALT telomeres.
Depletion of FANCM Reduces the Replication Efficiency of Telomeric
DNA. To directly examine the role of FANCM in telomere replication, we performed a SMARD assay in the subtelomeric and telomeric regions of FANCM-depleted cells (15) . Briefly, siRNA transfected cells were sequentially pulse-labeled with 5-iodo-2′-deoxyuridine (IdU) for 4 h and then with 5-chloro-2′-deoxyuridine (CldU) for 4 h (Fig. 3A) . Genomic DNA was digested and separated by pulsed-field gel electrophoresis (PFGE). Genomic DNA enriched with subtelomeres and telomeres was identified by Southern blot using a telomeric PNA probe. Isolated subtelomeric and telomeric DNA was then stretched on slides and stained with antibodies that recognize IdU and CldU. Telomeres were visualized by fluorescence in situ hybridization (FISH) using the telomeric PNA probe. Representative images of the subtelomeric and telomeric fibers are shown in Fig. 3B . Through counting the number of telomeric fibers containing halogenated nucleotides (IdU and/or CldU), we observed a threefold reduction of the replication efficiency of telomeric DNA in FANCM-depleted ALT cells (Fig. 3C) . Additionally, we also examined the genome-wide DNA replication by probing the same DNA with antibodies that recognize the ssDNA (to visualize the total DNA fibers) and CldU ( Fig. S8 A and  B) (69) . We observed only a slight reduction of genome-wide DNA replication (1.4-fold reduction genome-wide vs. threefold reduction at telomeres). The cell cycle profile of FANCM siRNA transfected cells is also comparable to that of Luc siRNA transfected cells (Fig.  S8C) . Therefore, the telomeric SMARD analysis strongly supports our conclusion that, in the absence of FANCM, replication forks are more prone to pause/stall at ALT telomeres, thus leading to increased replication stress.
In Response to the Replication Stress at ALT Telomeres, BLM Promotes DNA End Resection and Is Synthetically Lethal with FANCM. BLM has been implicated in a variety of DNA metabolic functions including DNA replication, DNA replication stress response, and telomere biology (64, 65) . Mechanistically, BLM plays an important role in DNA end resection during HR and at telomeres (70, 71) . Here, we found that depletion of FANCM induces pronounced DNA end resection and BLM foci formation ( Fig. 1 C-F and Fig. S1A ). To test whether BLM stimulates the DNA end resection in FANCMdepleted cells, we codepleted BLM and FANCM and monitored DNA end resection by Western blot as well as IF. As seen in Fig. 4 A and B, depletion of BLM dramatically attenuated DNA end resection in FANCM-deficient cells, indicating that BLM is indeed required for DNA end resection during the replication stress response at ALT telomeres. It is well known that ALT cells rely on HR to maintain the length of their telomeres (10) . Reduced DNA end resection will impair HR and hinder the DNA repair processes. Consistent with this notion, we observed a dramatic increase of cells with micronuclei when FANCM and BLM were codepleted and also a strong synthetic lethal interaction between FANCM and BLM in both U2-OS and Saos-2 ( Fig. 4 C and D and Fig. S9A ). Collectively, our data suggest that when ALT telomeres encounter replication stress, BLM is recruited to these telomeres and stimulates DNA end resection.
In Response to Replication Stress at ALT Telomeres, BRCA1 Is also Actively Recruited to the Telomeres, and the Recruitment of BLM and BRCA1 to the Damaged Telomeres Is Mutually Dependent. BRCA1 is another important player involved in a variety of DNA metabolic functions including checkpoint activation and HR (72) . Intriguingly, BRCA1 was also found at ALT telomeres and shown to stimulate the helicase activity of BLM in an in vitro helicase assay using telomeric DNA as the substrate (73) . In response to various types of DNA damages, BRCA1 is actively recruited to the damage sites. To test whether BRCA1 can also be recruited to the damaged ALT telomeres, we costained FANCM-depleted cells with an antibody recognizing BRCA1 and telomere markers in both U2-OS and Saos-2 cells (Fig. 5 A-C) . In Luc siRNA transfected cells, a small percentage of cells manifested BRCA1 foci. However, these BRCA1 foci rarely colocalize with telomeres. In stark contrast, the large majority of the BRCA1 foci (>90%) seen in FANCM-depleted cells colocalize with ALT telomeres. Interestingly, depletion of BLM abolished the BRCA1 foci, which are fully rescued by the expression of the BLM-1 siRNA-resistant GFP-BLM (Fig. 5D) . Conversely, depletion of BRCA1 also reduced the BLM foci, which are fully rescued by the expression of the BRCA1 ORF ( Fig. 5E ; BRCA1-U or BU siRNA targets the 3′ UTR of the endogenous BRCA1 mRNA, and therefore BRCA1 ORF is resistant to the degradation by the BU siRNA). In a previous study, we identified at least three different BRCA1-containing complexes: BRCA1 A-complex (Abra1/Abraxas-BRCA1-BARD1), B-complex (BACH1/BRIP1/FANCJ-BRCA1-BARD1), and C-complex (CtIP-BRCA1-BARD1) (74) . To test which one of these complexes is important for BRCA1 foci formation, we codepleted Abra1 and FANCM, or BACH1 and FANCM, or CtIP and FANCM (Fig. 5F ). Intriguingly, we found that depletion of CtIP has the most profound effect on the BRCA1 foci. Depletion of BACH1 mildly affects the BRCA1 foci whereas depletion of Abra1 has no effect. Finally, because ATR and Chk1 are the most important kinases that regulate the replication stress response, we tested whether they also regulate the foci formation of BRCA1 and BLM in FANCM-deficient cells. Consistent with our hypothesis that FANCM deficiency induces replication stress at ALT telomeres, depletion of either ATR or Chk1 abolishes the foci formation of BRCA1 and BLM ( recruitment is interdependent and also dependent on both ATR and Chk1. In addition, we show that CtIP and BACH1, but not Abra1, are also important for the recruitment of BRCA1.
In Response to Replication Stress at ALT Telomeres, BRCA1 Promotes DNA End Resection and Is Synthetic Lethal with FANCM. During the repair of DSBs, the most important function of BRCA1 is to counter 53BP1 and stimulate DNA end resection so that DSBs can be repaired preferentially via the high-fidelity repair pathway-HR (72) . Interestingly, we recently showed that, in cells treated with UV, which is also considered a replication stress inducer, BRCA1 also promotes DNA end resection (75) . Next, we tested whether BRCA1 also plays a role in DNA end resection at telomeres in FANCM-deficient ALT cells. As seen in Fig. 6 A and B, codepletion of BRCA1 and FANCM severely impedes the phosphorylation of RPA32 at both Serine-4/Serine-8 and Serine-33 by Western blot and IF, suggesting that BRCA1 is indeed required for DNA end resection at ALT telomeres. Consistent with this notion, we observed a dramatic increase of cells with micronuclei when FANCM and BRCA1 were codepleted (Fig. 6C ) and a strong synthetic lethal interaction between FANCM and BRCA1 in both U2-OS and Saos-2 ( Fig. 6 D and E and Fig. S9B ). Intriguingly, we did not observe a synthetic lethal interaction between FANCM and BRCA1 in two TEL+ cells: HeLa and MG63 (Fig. S9 C and D) . We did not observe a synthetic lethal interaction between BLM and BRCA1 in U2-OS either (Fig. S9E) , suggesting that BLM and BRCA1 likely function in the same pathway. Taken together, our data suggest that the synthetic lethal interaction between BRCA1 and FANCM or BLM and FANCM occurs primarily in ALT cells. Consistent with this notion, we did not observe any synthetic lethal interaction between BRCA1 and FANCM or BLM and FANCM when using either disease cell lines (for BRCA1 and BLM) or a genetic knockout cell line (for FANCM) ( To directly measure HR activity at ALT telomeres, we examined the Rad51 foci formation in FANCM-depleted cells. Amazingly, more than 20% of FANCM-depleted cells also showed robust formation of Rad51 foci (Fig. 6 F and G) . Most importantly, the formation of Rad51 foci in FANCM-deficient cells is dependent on both BLM and BRCA1 (Fig. 6H) . Collectively, our data strongly suggest that, in FANCM-deficient cells, BLM and BRCA1 act in an epistatic pathway to promote DNA end resection and HR to repair and restart the stalled replication fork at ALT telomeres.
Discussion
In most studies on replication stress response, investigators use either chemicals or UV to induce replication stress. However, with these replication stress inducers (RSI), it is very difficult to pinpoint the genomic regions/loci where the replication stress occurs. In addition, these RSIs often induce replication stress through different mechanisms and produce a mixture of DNA damages. Therefore, a model where the genomic location of the replication stress is well-defined and the replication stress is induced under physiological condition is urgently needed. In our study, we found that depletion of FANCM or its obligatory binding proteins in ALT cells induces replication stress predominantly at telomeres. Therefore, we propose that depletion of the FANCM complex in ALT cells can be used as a genomic loci-specific (i.e., ALT telomeres) DNA replication perturbation system. We refer to this replication stress system as MR-SAT (FANCM deficiency induced replication stress at ALT telomere). Although we have firmly established that depletion of the FANCM complex induces replication stress at ALT telomeres, the detailed mechanism behind the exact causes of the replication stress certainly warrants further investigation. Intriguingly, a recent study showed that FANCM is capable of unwinding a generic R-loop structure and that its translocase activity is required for this unwinding activity (76) . It is known that R-loops can form at telomeres and that the aberrant accumulation of this R-loop is capable of inducing replication stress (13, 14, 77) . We are currently investigating whether FANCM can unwind the R-loop formed between TERRA and telomeric DNA and whether accumulation of this R-loop causes the replication stress in our MR-SAT system. FANCM belongs to the SF2 family of helicase; however, currently there is no published data demonstrating that FANCM is capable of unwinding a DNA-DNA duplex. Another possibility is that the FANCM complex may help to resolve the G4 structures at telomeres. The studies of testing this hypothesis are also under way.
BLM has well-recognized roles in telomere biology. It associates with telomeres in both TEL+ cells and ALT cells (78, 79) . Intriguingly, Stavropoulos and colleagues showed that, in ALT cells, BLM interacts with TRF2 and that overexpression of BLM in ALT cells increases telomeric DNA, suggesting that BLM may play an important role in ALT telomere synthesis (79) . The proposed functions of BLM at the telomere include suppressing the fragile-telomere phenotype (16) , processing the late-replicating intermediate structure (78) , and aiding fork progression possibly through unfolding the G4s (80, 81). Here we show that, similar to its role during DSB repair (70), BLM is also required for DNA end resection and HR in our MR-SAT system. The interaction between BLM and BRCA1 was identified previously; however, the functional importance of this interaction was unknown (82) . Multiple studies have found that BRCA1 localizes to telomeres; however, its function at telomeres was unclear (72, 73) . Here we show that BRCA1 is also required for DNA end resection and HR in our MR-SAT system, possibly by recruiting BLM to the stressed telomeres. In support of the epistatic interaction between BLM and BRCA1 at ALT telomeres, codepletion of FANCM and BLM or of FANCM and BRCA1, but not BLM and BRCA1, dramatically induces the micronuclei formation and synthetic lethality. Intriguingly, in FANCM-depleted TEL+ cells (HeLa and MG63), we did not observe any pronounced increase of Chk1-pS345, RPA32-pS4S8, and BLM foci, nor did we observe any synthetic lethal interaction between FANCM and BLM or FANCM and BRCA1 (Fig. S9 C, D, and F-H) . Although the number of cell lines tested here is limited (three ALT cells and five TEL+ cells), our data strongly suggest that FANCM, BLM, and BRCA1 play an important role in alleviating the replication stress at ALT telomeres. Based on the data presented in this study, we propose a model of how ALT cells respond to replication stress at their telomeres (Fig. S10) : when a replication fork stalls at or near telomeres, both BLM and BRCA1 are actively recruited to the stalled replication fork. Similar to the replication stress response induced by exogenous RSIs, the recruitment of BLM and BRCA1 is highly regulated by both ATR and Chk1. In addition, BACH1 and CtIP also play a role in the recruitment of BRCA1. Together, BLM and BRCA1 then stimulate DNA end resection and help to repair and restart the stalled replication fork by the HR pathway.
In recent years, synthetic lethality has emerged as an attractive strategy for overcoming the cytotoxic effect of most conventional chemotherapy drugs (83, 84) . Based on the synthetic lethal interactions identified in our study, simultaneously inhibiting the enzymatic activity of FANCM and BLM could be explored as a targeted therapy to treat ALT cancers, which currently can be treated only by conventional chemotherapy. Immunofluorescent Staining. U2-OS cells were transfected twice with different siRNA and then replated on coverslips. Cells were then used for immunostaining on day 4 or day 5 (siRNA rescue experiments) after siRNA transfection. Briefly, cells were first fixed with 3% paraformaldehyde containing 2% sucrose for 10 min, then permeablized with Triton X-100 solution on ice for 5 min, and stained with different primary antibodies (as indicated later) and the appropriate Alexa-405 (Invitrogen), Alexa-488 (Invitrogen), and Alexa-546 (Invitrogen)-conjugated secondary antibodies. Images were taken with an Olympus upright fluorescent microscope. Antibodies used for immunofluorescent staining include Chk1-pS345 (Cell Signaling, 2348); RAP32-pS4S8 (Bethyl, A300-245A); BLM (Bethyl, A300-110A and A300-120A); BRCA1 (Bethyl, A301-377A); anti-γ-H2AX (Millipore, 05-636) and (Bethyl, A300-081A); Rad51 (Santa Cruz, sc-8349); TRF1 (abcam, ab10579); and TRF2 (Millipore, 05-521). Anti-BRCA1 antibody raised in rabbit is a generous gift from Jeff Parvin, Ohio State University, Columbus, OH. The antibodies recognizing FANCM and FAAP24, which were raised in rabbits, were generous gifts from Weidong Wang.
Immunofluorescent and Telomere Fluorescent in Situ Hybridization
Staining. Immunofluorescent and telomere fluorescent in situ hybridization was performed as previously described (23) . The telomere PNA probe (TelC) was purchased from PNA Bio (F1004).
SMARD. The SMARD assay was performed essentially as described previously (15) . Briefly, 48 h after the siRNA transfection, U2-OS cells were sequentially labeled with 30 μM IdU (4 h) and 30 μM CldU (4 h). DNA isolation and processing for SMARD were as described previously (15) . Following Pme I digestion, telomeric DNA fragments ranging from 160 to 200 kb were resolved by PFGE, identified by Southern blot, and then isolated. The Pme I-digested DNA was stretched on microscope slides coated with 3-aminopropyltriethoxysilane (Sigma). After stretching, the DNA was denatured in alkali-denaturing buffer (0.1 N NaOH in 70% ethanol and 0.1% β-mercaptoethanol) for 12 min and fixed by addition of 0.5% glutaraldehyde for 5 min. Telomeric DNA was identified by hybridization with a Biotin-OO-(CCCTAA) 4 PNA probe (TelC, Biosynthesis) followed by incubation with Alexa Fluor 350-conjugated NeutrAvidin (Molecular Probes), followed by two rounds of incubation first with a biotinylated anti-avidin antibody (Vector) and then with the Alexa Fluor 350-conjugated NeutrAvidin. Incorporated halogenated nucleotides were detected with a mouse anti-IdU monoclonal antibody (BD) and a rat anti-CldU monoclonal antibody (Accurate) followed by Alexa Fluor 568-conjugated goat anti-mouse (Invitrogen) and Alexa Fluor 488-conjugated goat anti-rat secondary antibodies (Invitrogen). An antibody recognizing the single-stranded DNA was purchased from Millipore (anti-DNA antibody, clone [16] [17] [18] [19] MAB3034) .
Cell Viability Assay. siRNA transfected U2-OS were plated on 12-well plates, 2,000-4,000 cells per well. Cells were allowed to grow 7-10 d, fixed, and then stained with 1% crystal violet (75) .
siRNA Rescue Experiments. U2-OS cells were first transfected twice with siRNA. Cells were then transfected with different plasmids using the GenJet In Vitro Transfection Reagent for U2-OS cells (SignaGen Laboratories, SL100489-OS). Twenty-four hours later, cells were plated on a coverslip for immunostaining. 
